Cacao (Theobroma cacao L.) is of significant economic importance in several tropical countries but its yield potentials are low mainly because of poor soil fertility especially low levels of potassium (K). Cacao has a high demand for K to maintain healthy growth and production. Knowledge of K use in cacao will help the development of suitable crop management practices and will aid breeding varieties adapted to environments with a limited soil K supply. Using a plant growth chamber, we investigated the growth and physiological traits among three cacao varieties at three levels of growth medium K (52, 156, and 469 mg·plant −1
Introduction
Cacao (Theobroma cacao L.) is cultivated extensively as the source of cocoa butter and cocoa powder for the confectionery industry. Approximately four million tons of dry cacao beans are produced in a dozen or so tropical developing countries, where the livelihood of six million farmers depends on cacao production [1] . Despite the significant economic importance of cacao farming, the average yield of cacao is around 448 kg ha −1 [2] . Numerous studies have tried to analyze the causes of low yield of cacao production [3, 4] . Among the production constraints, poor soil fertility and lack of appropriate fertilization are considered the main contributors to the reduction of cacao yields [5] . As a perennial crop grown in the tropics, soils under cacao are often infertile and acidic due to long term cultivation with little or no fertilizer inputs, loss of nutrients through erosion and nutrient removal by the harvested crops [6] .
The higher K requirement of cacao may be associated with its growth habit, large pod size and high K content in the pod husk [5, 6] . Cacao responds well to K application and there are strong interactions between soil applied N, P and K and cacao yields [7] . On average, 1000 kg of green cacao beans contain about 33 kg of K [8] . However levels of K applied vary depending with the age and type of cacao, and whether it is grown with or without shade [9] .
Cacao soils average 4 mmol K·kg −1 soil (0.4 meq K/100 g soil; or 156 mg K·kg −1 ) [6] . A good crop of three tons of dry cacao beans would normally remove over 170 kg K·ha −1 (77 mg·kg tilizer ecommendations for cacao are 85 kg K ha −-1 ·yr −1 [11] . However, resource poor farmers of many cacao growing regions may not be able to apply this amount of K-fertilizer. Cacao shows K deficiency at 0.2 meq K/100 g of soil (78 mg·K·kg
) [12] . However, severe K deficiency in cacao is very difficult to correct because of damage to the root system [10] . Therefore it is essential to have adequate level of K in the soil to maintain healthy cacao trees.
Information is very much lacking on the nutrient management for cacao. Deficiencies and toxicities of essential nutrients in soil induce a series of physiological alterations in plants including deficiencies of essential nutrients, inhibition of photosynthesis, alteration in carbon allocations, changes in water relations, damage to membranes and altered enzyme activities [13] [14] [15] . Therefore, the objective of this study was to evaluate the effects of deficit to excess levels of soil K on growth and physiological traits and metabolites (starch, carbohydrates) of three cacao genotypes.
Materials and Methods

Cacao Genotypes and Seedling Preparation
Well-developed cacao pods of three genotypes (Amelonado, EET-400 and ICS 95) were received from Dr. Brian Irish, USDA-ARS-Tropical Agriculture Research Station, Mayaguez, Puerto Rico. Among the three genotypes, Amelonado is a typical lower Amazon Forastero selection originating from Brazil [16, 17] . EET-400 is a hybrid progeny of a cross between an Upper Amazon Forastero mother originating from Napo River, Ecuador and an unknown father. ICS 95 is a Trinitario type clone selected from Trinidad [16] . These three genotypes have been widely distributed in most of the cacao producing countries and commonly used as parental clones in cacao breeding programs. Seeds were separated from the pods, the seed coats were removed and the seeds were soaked in 10% chlorine bleach for two minutes and washed twice in sterile Deionized-water (DI), then soaked in 90% ethanol for two minutes and washed twice in sterile DI-water to remove any microbial contamination. Seeds were allowed to germinate on moist sterile filter paper under laboratory conditions at 25˚C (±2˚C) for 48 hours until radicles emerged.
Growth Conditions
Seeds with at least a one mm radical were transplanted to plastic pots containing 3 kg of DI-water washed Ottawa sand. Plants were grown in a climatically controlled EGC growth room (Environmental Growth Chambers, Chagrin Falls, OH, Model GR-48). Twenty VHO fluorescent lamps (F96T12/CW-1500) and six 60-watt incandescent lamps in each of two height-adjustable canopies provided 14 h·day −1 of 600 µmol m −2 ·s −1 photosynthetic photon flux density (PPFD) at the plant canopy. The day temperature of the growth chamber was 30˚C with 75% RH and night temperature was 28˚C at 75% RH. Ambient CO 2 was maintained at 400 cm 3 ·m −3 .
Sand and Nutrition Solution Growth Medium
For the first 20 days, each container was surface irrigated on every Monday with 100 ml of 1. From this nutrient solution three treatment solutions (1.1, 3.3, 10.0 mM K) were prepared using K 2 SO 4 to provide the desired K treatments (52, 156, 469 mg K plant −1 for 90 days growth). For all treatments, the solution pH was adjusted to 5.5 before addition to the sand. Plants were irrigated with 100 ml of nutrient solution on every Monday and rinsed with 500 ml of DI water every Friday to reduce salt buildup. Such an irrigation procedure was continued until the week before harvest.
Physiological Traits
One week before the final harvest, the net photosynthetic rate (P N ), was measured from 9:00 am to 3:00 pm using a Li-Cor 6400 portable gas exchange system (Li-Cor Inc., Lincoln, NE). The sixth leaf from the apex was placed in the cuvette at PPFD of 600 µmol m -2 ·s -1 , temperature of 28˚C, carbon dioxide concentration of 400 cm 3 m -3 and vapor pressure deficit (VPD) of 2.0 -02.1 kPa. The leaf was allowed to equilibrate for 15 min and the rate of P N was recorded. Leaf pigments were determined by extracting two leaf discs (0.785 cm 2 each, obtained from the sixth leaf from the apex of the orthotropic axis) for 24 h with 5 ml DMSO [18] . Chlorophyll a (Chl a), Chl b, Chl (a+b) and carotenoid contents were determined spectrophotometrically according to Lichtenthaler [19] and Chappelle et al. [20] .
Sand and Nutrition Solution Growth Medium
The final harvest was completed 90 days after initiation of the K treatments. Stem height, stem diameter, leaf count, fresh biomass of stems and leaves, and total leaf area (Li-Cor Model 3100 leaf area meter, Li-Cor Inc., Lincoln, NE) were measured. Stems and leaves were washed in DI-water; blotted dry, freeze-dried and the dry biomasses were recorded. Roots were removed from the growth medium and washed in DI-water. The fresh root biomasses and root lengths (Comair Root Length Scanner, Hawker de Haviland, Melbourne, Victoria, Australia) were recorded. Roots were oven-dried at 70˚C for 5 days and dry root biomass was recorded. Based on the above measured growth traits, other growth parameters were calculated, such as Leaf/shoot ratio (L/S) and Root/shoot ratio (R/S).
Metabolites
Freeze dried leaf tissue (30 mg) was placed in 2 ml SealRite conical microcentrifuge tubes (USA Scientific, Ocala, FL) containing a 6.4 mm diameter ceramic bead (MP Biomedicals, Santa Ana, CA). Leaf tissue was pulverized at room temperature with four to six 30 s bursts in a TissueLyser II bead mill (Qiagen, Valencia, CA). The pulverized tissue was extracted with 1.4 ml of 70% methanol containing 25 µl of an internal standard (2 mg·ml −1 ribitol). The samples were incubated at 45˚C for 5 min in a heat block and centrifuged at 15,600 g for 4 min in an Eppendorf 5415D centrifuge (Eppendorf North America, Hauppauge, NY). The supernatant fraction was transferred to 15 ml plastic centrifuge tubes and the pellets were re-extracted with 1.4 ml of 70% methanol. The supernatants were combined after centrifugation as above and stored at −20˚C until use. The pellets were washed twice with 1 ml of 100% methanol and air dried overnight for starch analysis.
To determine the starch content, 1 ml of water was added to the dried pellet fraction. A 0.25-ml aliquot of the resuspended pellet was transferred to new 1.5 ml tubes and the samples were incubated at 60˚C in a waterbath for 15 min. The temperature was increased to 100˚C and the samples were boiled for 45 min. A starch digesting enzyme solution (0.25 ml) containing 15 mg ml −1 α-β amylase and 0.15 mg·ml −1 of amyloglucosidase in 0.2 M Na-Acetate (pH 5.0) was added to each starch sample. Leaf starch was digested for 4 h at 50˚C and then the digests were stored at −20˚C. The starch content was determined in a Shimadzu UV-2101PC Spectrophotometer (Shimadzu North America, Columbia, MD) with a CPS controller (25˚C). The reaction solution contained 50 mM HEPES and 1 mM MgCl 2 (pH 7.6), 0.8 mM ATP, 0.4 mM NADP+, 1 IU of hexokinase and 10 µl of sample. Reactions were initiated with 10 µl of glucose-6-P dehydro-genase (0.2 IU·µl Soluble carbohydrates were measured by gas chromatography coupled to mass spectrometry as described by Roessner et al. [21] . A 20-µl aliquot of each methanol extract was dried overnight in a vacuum desiccator. Dried samples were resuspended in 0.1 ml of 20 mg ml −1 methoxyamine hydrochloride in pyridine and incubated in a waterbath at 30˚C for 90 min. The samples received 0.1 ml of MSFTA ((N-methyl-N-(trimethylsilyl) trifluoroace-tamide) and were incubated at 37˚C for 30 min. The derivatized samples were separated by gas chromatography (GC System, HP 6890 Series) and the resultant ions were detected with a mass spectrometry detector (Agilent 5975C, Wilmington, DE). The volume injected was 1 µl. Separations were performed with a 30 m × 0.25 mm Supelco SPB-50 column (Sigma-Aldrich, St. Louis, MO) with high-purity helium as the carrier gas at 1.2 ml·min −1 . The inlet temperature was 250˚C. The oven temperature was increased at 5˚C min −1 from 70˚C to 310˚C following a solvent delay of 8.5 min. Total ion chromatograms were quantified using peak identification and calibration parameters in the Agilent MSD ChemStation software. Compounds quantified in the soluble carbohydrate fraction were sucrose, glucose, fructose, raffinose, myo-inositol, and maltose.
Experimental Design
A split plot design was used with genotypes as the main plots and K levels as the subplots and all experimental units were replicated 3 times. Data were subjected to analysis of variance using the general linear models (GLM) procedure of SAS (Ver. 9.3, SAS Institute, Cary, NC).
Results and Discussion
Growth Traits
(1)
The potassium level had significant effects on the stem diameter and root length of cacao ( Table 1) . When K levels increased, a significant increase in stem diameter was found in Amelonado and ICS 95, but not in EET-400. K and Mg were found to increase girth, number of branches/tree, and number of leaves/tree in coffee [22] . Increasing the K level significantly reduced the root length of all tested cacao genotypes. Significant K effects were not found for stem height and total dry biomass of cacao. Significant genotype effects were observed on the leaf biomass, leaf area, leaf/shoot ratio, stem diameter, stem height, root length and total dry biomass of cacao ( Table 1 ). Among the three tested genotypes, Amelonado had the highest average stem diameter (7.51 mm) and stem height (29.06 cm). ICS 95 had the highest total dry biomass (13.9 g) and root length (7480.3 cm). Increasing potassium had no significant effect on the leaf biomass or eaf area of cacao (Table 1) , which contradicts the literal ture for citrus [23] and coffee [24] . There were significant genotype effects on leaf biomass, leaf area and leaf/ shoot ratio. ICS 95 had the highest average leaf biomass (6.49 g) and leaf area (1318.4 cm 2 ). Potassium had no effect on Leaf/Shoot Ratio, but the Amelonado genotype was significantly lower than the others. The interaction between K level and Genotype was significant because the mean Leaf/Shoot Ratio of Amelonado (0.480) in the high K level (469 mg·plant ) was so much lower than the other treatments (0.695).
A meta-analysis of 38 potassium fertilization experiments involving 26 forest tree species demonstrated that K addition tends to increase growth rates [25] . Enhancement of root growth and root branching on tropical plants due to increased K rates has also been recently reviewed by Wright et al. [26] . An alternative explanation for our results is that the presumed effect of plant growth, resulting from K increase, might not show on seedlings. While K deficiency was commonly reported in adult trees, young seedling plants may be less sensitive to low K concentration. The lower K concentration may be sufficient for cacao seedling growth. A similar result was reported by Rowan [27] , who examined the effects of K on loblolly and slash pine seedlings in the southern US and concluded that addition of K fertilizer did not increase the survival and growth of pine seedlings in the nurseries.
In contrast to the lacking of K effect on a majority of the seedling growth traits, the present study showed significant genotype differences in growth traits (Tables  1 and 2 ). Among the three tested genotypes, ICS 95 had highest biomass averaged over the three K levels, leaf area and root length, whereas the Amelonado showed highest average stem diameter and stem height. Since the three genotypes belong to different germplasm groups, the observed differences could have resulted from variation of the genetic background. The three varieties have different geographical origins, thus may have different responses to changes in soil fertility, which would explain the highly significant genotype effect in most of the measured growth traits. This difference could be further explored for crop management and germplasm utilization. Selecting genotypes with lower K appetency would be preferred for a wider adaptability to a range of soils with varying K status.
Chlorophyll, Carotenoid and Photosynthesis
The soil potassium level had a significant effect on Chl b and the Chl a/b ratio ( Table 2) . Increasing soil K increased the concentration of Chl b and decreased the Chl a/b ratio. However, the K level had no effect on the concentration of Chl a or the concentration of Chl a+b. Significant genotype effect was detected on Chl b, Chl a+b, Chl a/b ratio and Carotenoids. Amelonado had the highest concentration of Chl a, Chl b and Carotenoids. The soil K level had no influence on net photosynthesis rate (P N ), which was unexpected. It is well known that when plants are K deficient, the rate of photosynthesis is reduced which contributes to slower growth and development. K deficient plants (Arabidopsis) have educed carbon fixation and assimilate export [28] . r ATP dependent processes such as P N are slowed down by K deficiency [29, 30] . In the current study genotypes were grown for 90 days and it appears that even the lowest level of soil K was not deficient enough to induce any major physiological changes in these plants. Growing these cacao genotypes longer than 90 days may have induced K deficiency at low soil K levels.
Carbohydrate Metabolites and Starch
Both genotype and soil K levels had significant effects on the concentrations of fructose, glucose, myo-inositol and starch (Table 3 ). In addition, genotypes had highly significant effects on the concentration of sucrose and soil K levels had highly significant effects on the concentration of raffinose. Overall, the higher K levels re-duced the concentrations of all the soluble sugars in the three cacao genotypes. Specifically, concentrations of fructose, glucose, myo-inositol, maltose and raffinose were higher at the lowest K level (52 mg K plant
−1
). Among the three genotypes, EET-400 had the highest concentration of these metabolites followed by ICS 95 and then Amelonado. Nonetheless, the effect of K was not significant on sucrose or maltose. Contrasting to the above metabolites, starch in cacao leaves increased at the higher K level ( Table 3) . Starch contents (averaged over the three genotypes) were 0.258, 0.367 and 0.437 (µmol mg ), respectively. The observed changes of carbohydrate metabolites and starch in cacao seedlings in response to K levels is compatible with previously reported experiments in coffee [31] and citrus [23] , where increased K application has been shown to increase starch content and reduce soluble sugar accumulation. This change suggests that K is essential for the conversion of sugars to starch in cacao seedlings. Reduced K levels may affect the activity of enzymes associated with carbohydrate metabolism, i.e. starch synthase in the same way as reported in soybean [32] and spinach [33] . The effect of K on carbohydrate metabolites and starch indicates that K application caused significant physiological changes in these cacao seedlings, both visible and invisible. However in spite of these significant changes, cacao seedlings may still be able to obtain satisfactory vegetative growth. When adequate cacao yield and bean quality are put into consideration, the requirement for optimum K would be very different and, thus, needs further investigation.
